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Abstract 

This paper elaborates the application of new nature inspired algorithm; 

‘Whale Optimization Algorithm (WOA)’ in load frequency control of 

two area interconnected non-reheat thermal power plants. Two number 

of PID controllers have been considered in the investigated system and 

the parameters of the controllers have been tuned/optimized using 

WOA. The design problem has been formulated as the constrained 

optimization problem with upper and lower bounds of controller’s 

parameters. The integral of time multiplied absolute error (ITAE) has 

been taken as an objective function in the present work. The parameters 

of controllers (KP, KI, KD), minimum damping ratio (MDR), the values 

of performance indices (ITAE, ISTE, ISE, IAE), settling times and 

overshoots of Δf1, Δf2 and ΔPTie have also been evaluated for the system 

under investigation using WOA. The simulation results include the 

dynamic responses of Δf1, Δf2 and ΔPTie for different step load changes 

from 0.1p.u. to 0.5p.u in area 1 by keeping constant 0.1p.u. step load 

change in area 2. It has been observed that smooth and better dynamic 

responses with fewer oscillations, less settling times and less overshoots 

can be achieved for the system using WOA. 
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1. INTRODUCTION 

The intelligent system has now been a necessary part to 

manage and control the large power systems with knowledge, 

techniques and methodologies for the real-time control of power 

systems [1]. The multi area power systems involve an important 

control process, named as ‘Automatic Generation Control (AGC)’ 

to: 

• Make a balance between generation and load at a minimum 

cost. 

• Monitor as well as control the system frequency, power 

interchange and tie-line flows. 

• Keep the time average of frequency deviations and tie-line 

power deviations at a low value [2]-[4]. 

Over the years Load Frequency Control (LFC) has been a 

necessary part of Automatic Generation Control (AGC) in electric 

power system and it is used to control the load frequency for 

making operation of the power system safe [2]-[4]. Various 

controllers for the LFC problems such as; I, PI, PID, IDD, FOPID 

and PIDD have already been implemented and compared in 

literatures [5]-[10] and it has been shown that the conventional 

PID controllers are most widely applicable frequency controller 

among all reported controllers [11]. 

Researchers are continuously contributing their research work 

in the field of soft computing based optimization methods for 

LFC/AGC of multi area power system such as; adaptive Fuzzy 

gain scheduler for LFC/AGC [12], PID controllers optimized by 

BFOA [13], craziness based PSO optimized controllers in a 

thermal power system [14]. ICA tuned PID controllers in multi 

area power system [15], DE tuned classical controllers for 

MAMS-PS [16], TLBO to design I/PID controllers for MUMS-

PS [17], an intelligent controller based on emotional learning for 

LFC system [18], FA with on line wavelet filter for interconnected 

unequal three area power system [22], ABC for AGC system [19], 

ABC algorithm in AGC of interconnected reheat thermal power 

system [20], GSA to optimize the parameters of PI/PIDF 

controller for AGC system [21], a hybrid BFOA-PSO algorithm 

for AGC systems [22], hPSO-PS algorithm for optimization of the 

fuzzy PI controller parameters [23], DE optimized 2DOF-PID 

controllers for LFC system [24], hGWO-PS based 2DOF-PID 

controllers for multi area interconnected power systems [25], 

[26], [28] have already been available in the literature. A detailed 

performance comparison of multi area power systems using Ant 

Colony Optimization technique with different objective functions 

has been given in [30]. 

In present work, a novel nature-inspired meta-heuristic 

optimization algorithm, named; Whale Optimization Algorithm 

(WOA) [27] has been applied to LFC/AGC of two area 

interconnected non reheat thermal power plant. WOA is based on 

the social behavior of humpback whales [29]. The inspiration of 

algorithm is obtained by the bubble-net hunting strategy. This 

algorithm is very competitive as compared to the state-of-art 

meta-heuristic algorithms as well as conventional methods [27]. 

As PID controllers have become most widely used frequency 

controllers due to its simplicity [11], these controllers have also 

been used for the system aforementioned and WOA has been used 

to optimize the parameters of PID controllers using ITAE as an 

objective function. 

In section 2, two area power system of thermal power plants 

have been described. The brief explanation of PID controller has 

been given in section 3. In section 4, the constrained optimization 

problem with integral of time multiplied absolute error (ITAE) as 

an objective function, upper and lower parameter bounds of the 

work have been defined. The overview of whale optimization 

algorithm has been elaborated in section 5. In section 6, 

application of WOA to the aforementioned system has been 

described. Section 7 deals with simulation results. In section 8, 

conclusions of the present work have been summarized followed 

by the references at the end. 

2. BASIC CONCEPTS 

In present work, the widely used two areas interconnected non 

reheat thermal power system [21]-[27] has been considered for 

the sake of analysis, as shown in Fig.1. The design parameters for 

the system have been described as [21]-[26]: 
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Fig.1. Block diagram of two area thermal power plant 

PR = 2000MW (rating), PL = 1000MW (nominal loading); f 

=60Hz, B1, B2 = 0.425p.u. MW/Hz; R1 = R2= 2.4Hz/p.u.; TG1 = TG2 

= 0.08s; TT1 = TT2 =0.3s; KPS1= KPS2 =120Hz/p.u. MW; TPS1 = TPS2 

= 20s; T12 = 0.545pu. Each block in Fig.1 represents the transfer 

function of respective plant. The mathematical analysis of the 

same can be found in [25]-[26]. 

3. PROPORTIONAL INTEGRAL DERIVATIVE 

(PID) CONTROLLERS 

In present work, two Proportional Integral Derivative (PID) 

controllers with similar characteristics have been considered in 

both areas of the system under investigation. Three parameters are 

used to represent the PID controller and these are known as 

Proportional Gain (KP), Integral Gain (KI) and Derivative Gain 

(KD). Hence, the parameters of PID controllers are defined as 

follows: 

 KP1 = KP2; KI1 = KI2; KD1 = KD2  (1) 

The Area Control Errors ACE1 and ACE2 are basically the 

errors; e1(t) and e2(t) to the PID controllers in area 1 and area 2, 

respectively. The control inputs to the controllers are defined as: 

      
 1

1 1 1 1 1 1P P D

de t
u t K e t K e t dt K

dt
     (2) 

      
 2

2 2 2 2 2 2P P D

de t
u t K e t K e t dt K

dt
    (3) 

 

Fig.2. Closed loop control system with PID controller 

where, 

  1 1e t = ACE and  1 1e t = ACE   

so, 

      
 1

1 1 1 1 1 1P I D

dACE t
u t K ACE t K ACE t dt K

dt
    (4) 

      
 2

2 2 2 1 2 2P I D

dACE t
u t K ACE t K ACE t dt K

dt
    (5) 

4. OPTIMIZATION PROBLEM WITH 

OBJECTIVE FUNCTION, UPPER AND 

LOWER BOUND CONTROLLER’S 

PARAMETERS 

Integral of time multiplied absolute error (ITAE) is used as an 

objective function instead of ISE, ISTE and IAE because it 

exhibits the better dynamic response than others and it is defined 

as, 

  1 1 1 2
0

st

tlfJ w f f P tdt       (6) 

where, Δf1, Δf2 represent system frequency deviations; ΔPTie is 

incremental change in tie-line power and ts denotes time range of 

simulation. 

The controller parameter’s bounds are the problem 

constraints. Therefore, the design problem can be formulated as 

following optimization problem: 

Subject to, 

 KPmin  KP  KPmax, 

 KImin  KI  KImax, (7) 

 KDmin  KD  KDmax 

The parameters in Eq.(7) are tabulated in Table.1. 

Table.1. Parameters values and range 

Parameters Description Value 

KPmin, 
KPmax 

Minimum and maximum 

value of proportional gain 
[-2, 2] 

KImin,
 
KImax 

Minimum and maximum 

value of integral gain 
[-2, 2] 

KDmin, KDmax 
Minimum and maximum 

value of derivative gain 
[-2, 2] 

5. WHALE OPTIMIZATION ALGORITHM 

(WOA) 

WOA algorithm starts with a set of random solutions. Search 

agents update their positions at each iteration with respect to 

either a randomly chosen search agent or the best solution 

obtained so far. For initiating the exploration and exploitation, 

parameter a is decreased from 2 to 0, respectively. |Ā| > 1 leads to 

a random search agent while |Ā| < 1 leads to the best solution for 

updating the position of the search agents. WOA can switch 

between either spiral or circular movement depending on the 

value of p. After being satisfied by the termination criteria, finally, 

the WOA algorithm terminates. WOA can be considered as a 

global optimization algorithm since it involves exploration and 

exploitation ability. Furthermore, a search space is provided in the 

neighborhood of the best solution which allows other search 

agents to exploit the current best record inside that domain. The 
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adaptive variation is found in the search Vector A tending to allow 

the WOA algorithm to smoothly transit between exploration and 

exploitation. 

• |A| ≥1 leads to some iteration devoted to exploration. 

• |A|<1 leads to rest of the iteration devoted to exploitation. 

Although mutation and other evolutionary operations might 

have been included in the WOA formulation to fully reproduce 

the behavior of humpback whales, the amount of heuristics and 

the number of internal parameters are decided to be minimized, 

thus implementing a very basic version of the WOA algorithm. 

The pseudo code of the WOA algorithm is as under [27]: 

Table.2. Pseudocode of WOA [27] 

Initialize the whales population Xi(i = 1,2,...,n) 

Calculate the fitness of each search agent 

X*= the best search agent 

While (t < maximum number of iterations) 

For each search agent 

Update a, A, C, l, and p 

If 1 (p < 0.5) 

If 2 (|A| < 1) 

Update the position of the current search agent 

Else if 2 (|A| ≥ 1) 

Select a random search agent (Xrand) 

Update the position of the current search agent 

End if 2 

Else if 1 (p ≥ 0.5) 

Update the position of the current search 

End if 1 

End for 

Check if any search agent goes beyond the search space 

and amend it 

Calculate the fitness of each search agent 

Update X* if there is a better solution 

t = t+1 

End while 

Return X* 

The detailed mathematical modeling of WOA can be found in 

Mirjalili et al. 2016 [27]. 

6. APPLICATION OF WOA IN SYSTEM 

UNDER CONSIDERATION 

Whale optimization algorithm has been employed to two area 

thermal power system in order to enhance the performance of the 

whole plant. Matlab/Simulink software has been used to 

implement the model of the aforementioned system and pseudo 

codes of the algorithm. Two number of PID controllers with 

similar characteristics have been considered in each area of 

thermal system for load frequency control. A 10% step load 

change in area-1 is considered in order to simulate the model. 

Series of runs are executed to select the algorithm parameters 

properly. Number of search agents and iterations are taken as 20 

and 50, respectively. The optimization was repeated 10 times and 

the best final solution among the 10 runs is chosen as controller’s 

parameters. The best set of values corresponding to the minimum 

objective function provided by optimal WOA have been chosen 

the final optimal parameters of the controllers, as listed in Table.3. 

Table.3. WOA optimized parameters of PID controllers 

Controllers’ Parameters Optimization method Value 

KP WOA 1.1376 

KI WOA 1.9960 

KD WOA 0.3982 

The convergence of objective function, i.e. ITAE with number 

of iterations for obtaining the above parameters of two PID 

controllers in each area is shown in Fig.3 and obtained value of 

ITAE is 0.1312. 

 

Fig.3. Convergence of objective function, ITAE with number of 

iterations 

7. SIMULATION RESULTS AND DISCUSSIONS 

The simulation has been performed for PID controllers 

optimized by WOA and results have been elaborated on the basis 

of system’s dynamic response, settling times and overshoots of 

Δf1, Δf2 and ΔPTie. The simulation results show that the WOA 

optimized PID controllers for the aforementioned system provides 

better results in terms of performance indices (ITAE, ISE, ITSE, 

IAE), system dynamic response, settling times and overshoots Δf1, 

Δf2 and ΔPTie. 

7.1 PERFORMANCE INDICES AND MDR 

At t = 0 second, a 10% step load increase in area-1 is 

considered and the values of ITAE, ISTE, IAE and ISE for PID 

controllers optimized by WOA are given in Table.4. It can be seen 

in Table 4 that, less values of performance indices can be obtained 

for the system using WOA, i.e. enhanced performance of the 

power plant. Also, the obtained value of minimum damping ratio 

(MDR) is 0.0786. 



R BHATT et al.: WHALE OPTIMIZED PID CONTROLLERS FOR LFC OF TWO AREA INTERCONNECTED THERMAL POWER PLANTS 

470 

Table.4. Values of performance indices and MDR 

Performance Indices Value 

ITAE 0.1312 

ISE 0.0080 

ITSE 0.0044 

IAE 0.1520 

MDR 0.0786 

7.2 SYSTEM DYNAMIC RESPONSE 

The study of the time domain simulations have been 

elaborated for 10% step load change in area 1 at time t = 0 second. 

The dynamic responses of WOA optimized PID controllers for 

the system under study are shown in Fig.4 - Fig.6. The simulation 

results show that the significant improvement in the dynamic 

responses (Fig.4-Fig.6) can be obtained by WOA. 

 

Fig.4. Frequency deviation at area 1; Δf1 (Hz)  

 

Fig.5. Frequency deviation at area 2; Δf2 (Hz)  

 

Fig.6. Tie line power deviation; ΔPTie (p.u.) 

7.3 SETTLING TIMES AND OVERSHOOTS 

For better illustration of WOA optimized PID controllers for 

LFC, the settling times in frequency and tie-line power deviations 

have also been evaluated and summarized in Table.4, which 

shows that far better system performance in terms of settling times 

and overshoots can be obtained with WOA optimized PID 

controllers for the system under investigation. 

Table.4. Settling times and overshoots 

Approach 
ITAE 

value 

Settling times (2% band) Ts (sec) 

∆f1 ∆f2 ∆Ptie 

WOA 

optimized 

PID 

controller 

 

 

0.1312 

 

2.63 2.81 2.55 

Overshoot 

∆f1 ∆f2 ∆Ptie 

0.005989 0.000044 0.00005371 

7.4 DYNAMIC RESPONSES WITH LOAD 

VARIATION 

In this section, the step load is varied from 10% to 50% in area 

1 by keeping constant 10% step load change in area 2 and the 

dynamic behavior of the system corresponding to load change are 

shown in Fig.7, Fig.8 and Fig.9. At each load disturbance, good 

dynamic response is obtained with approximately same settling 

times for the same parameters of PID controllers, as given in 

Table.3. Therefore, WOA optimized PID controllers’ makes the 

system more robust. 
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Fig.7. Frequency deviation at area 1; Δf1 (Hz) with variations in 

load 

 

Fig.8. Frequency deviation at area 2; Δf2 (Hz) with variations in 

load 

 

Fig.9. Tie line power deviation; ΔPTie (p.u.) with variations in 

load 

8. CONCLUSIONS 

A new natured inspired algorithm named; Whale optimization 

(WOA) has been employed in order to optimize the parameters of 

PID controllers in two areas interconnected non reheat thermal 

power system for the purpose of load frequency control and to 

enhance the performance of the system. The ITAE as an objective 

function has been taken for the constrained optimization problem 

with upper and lower controller’s parameters bounds. Matlab or 

Simulink environment has been used to implement the model of 

the system under investigation and the pseudo codes of the WOA 

algorithm. The performance indices; ITAE, ISTE, ISE, IAE and 

minimum damping ratio (MDR) have also been evaluated. The 

simulation results reveal that the system with PID controllers 

optimized by WOA exhibits the outstanding results in terms of 

less values of performance indices, better dynamic responses, less 

settling times and less overshoots of Δf1, Δf2 and ΔPTie. It has also 

been observed that the system with WOA optimized PID 

controllers becomes more robust to variations in load with less 

oscillations. 
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